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Strong contact sensitizers are able to induce signal
transduction mechanisms such as tyrosine phosphory-
lation and activation of MAP kinases in antigen-
presenting cells. We studied the capacity of di¡erent
antioxidants (ascorbic acid, a-tocopherol, pyrrolidine
dithiocarbamate, N-acetylcysteine, and glutathione) to
block the increase in tyrosine phosphorylation in hu-
man monocytes seen after stimulation with strong con-
tact sensitizers. Human peripheral blood mononuclear
cells were stimulated with 5-chloro-2-methylisothiazo-
linone plus 2-methylisothiazolinone in the presence or
absence of these antioxidants. The total amount of
membrane-associated phosphotyrosine in CD14þ cells
was quanti¢ed using £ow cytometric techniques. Com-
plete inhibition of tyrosine phosphorylation was no-
ticed when cells were stimulated in the presence of
N-acetylcysteine or glutathione. Using N-acetylcysteine as
inhibitor similar results were obtained for cells stimulated
with formaldehyde, thimerosal methyldibromoglutaro-
nitrile, diphenylcyclopropenone, p-phenylenediamine,
toluene-2,5-diamine, and 2,4-dinitro£uorobenzene. By
use of a trinitrophenyl-speci¢c monoclonal antibody it
was shown that N-acetylcysteine as well as cysteine pre-
vents the binding of 2,4,6-trinitrochlorobenzene to pro-
teins in monocytes and monocyte-derived mature
dendritic cells. Furthermore, the capacity of N-acetyl-
cysteine to block the activation of p38 and ERK1/2
MAP kinases by 2,4,6-trinitrochlorobenzene was de-
monstrated. The radical scavengers ascorbic acid and a-
tocopherol as well as the nuclear factor jB inhibitor
pyrrolidine dithiocarbamate failed to prevent the in-
crease in tyrosine phosphorylation. Our data present evi-
dence that reactive oxygen species as well as transcription
factor nuclear factor jB seem to be unimportant for the
induction of tyrosine phosphorylation by contact sensiti-
zers. On the other hand, protection of thiol groups using
compounds with free sulfhydryl groups is very e¡ective
to block this process. This ¢nding may have implications
for prevention of occupational sensitization to strong
contact allergens. Key words: contact sensitizer/dendritic cells/
MAP kinases/monocytes/thiol antioxidant. J Invest Dermatol
121:1039^1044, 2003
I
n numerous studies evidence is presented for the capacity
of contact sensitizers to activate antigen-presenting cells
(APC). The molecular mechanisms of this process are
poorly understood.We were able to demonstrate a vigorous
increase in tyrosine-phosphorylated proteins after stimula-
tion of di¡erent major histocompatibility complex (MHC) class
II positive cell types with strong contact sensitizers (Kˇhn et al,
1998; Neisius et al, 1999). Recently, the activation of p38 mito-
gen-activated protein kinases by contact sensitizers such as 2,4-di-
nitro£uorobenzene and NiSO4 has been described (Arrighi et al,
2001). Data from our own group strongly con¢rm these ¢ndings
(Brand et al, 2002).The capacity of a small chemical compound to
bind covalently to protein structures or to form stable complexes
with proteins is one prerequisite to act as hapten and possible
contact sensitizer. These reactions might modify the three-di-
mensional structure of proteins, their enzymatic activity or their
interaction with other molecules. Any of these possible changes
might induce or contribute to intracellular signaling events or
danger response mechanisms.We asked whether increased tyro-
sine phosphorylation in MHC class II positive cells induced by
strong contact sensitizers is part or the result of any type of stress
response and could be reduced or even blocked in the presence of
antioxidants. For this purpose, the capacity of common antioxi-
dants to block tyrosine phosphorylation in human monocytes
upon stimulation with strong contact sensitizers was explored.
N-acetylcysteine (NAC) and glutathione were chosen as com-
monly used thiol antioxidants, described to block nuclear factor
kB (NF-kB) dependent signaling mechanisms (Blackwell et al,
1996). In this context Senaldi et al (1994) demonstrated that NAC
was able to block the irritant as well as the allergic reaction to
2,4,6-trinitrochlorobenzene (TNCB) in mice. Radical scavengers,
like ascorbic acid and a-tocopherol, are able to neutralize reactive
oxygen species, important mediators of intracellular stress me-
chanisms. A moderate protective e¡ect of these two vitamins on
nickel-induced allergic contact dermatitis in man has been de-
scribed (Memon et al, 1994).
Pyrrolidine dithiocarbamate (PDTC) is widely used as a potent
inhibitor for transcription factor NF-kB (Bessho et al, 1994). Its
capacity to block the activation of endothelial cells by nickel
and cobalt ions in vitro was explained by this mode of action
(Goebeler et al, 1995).
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In this paper the selective capacity of thiol antioxidants to pre-
vent the activation of monocytes and monocyte-derived dendri-
tic cells (DC) by potent contact sensitizers is described. Evidence
is presented that the capacity of thiol antioxidants to block the
binding of contact sensitizers to their cellular target structures
can be regarded as an underlying mechanism.
MATERIALS AND METHODS
Isolation of human monocytes Monocytes were enriched from
peripheral blood mononuclear cells (PBMC) by short-term adherence to
cell culture dishes. Brie£y, PBMC were isolated from leukocyte-enriched
bu¡y coats (Transfusion Center, Mainz, Germany) by Ficoll-Paque 1.077
(Biochrom, Berlin, Germany) density gradient centrifugation. The
isolated cells were resuspended in culture medium (Iscove’s modi¢ed
Dulbecco’s medium, 3% fetal bovine serum (FBS)) and seeded onto
culture dishes (1106 cells per cm2) for 45 min at 371C. Nonadherent
cells were removed by washing gently three times with warm phosphate-
bu¡ered saline (PBS). The adherent cells were cultured overnight in
autologous serum before their detachment by vigorous rinsing.
Contaminating B lymphocytes were depleted using CD19-coupled
immunomagnetic beads (Dynal, Oslo, Norway) following a standard
protocol. The purity of the enriched CD14þ monocytes was 80%^90%,
less then 3% of the cells expressed the CD19 antigen, and the viability
routinely exceeded 95% as determined by £ow cytometry.
Culture of monocyte-derived DC Human monocyte-derived DC
were prepared from PBMC by short-term adherence in modi¢cation as
described by Jonuleit et al (1997). Brie£y, PBMC were isolated from
leukocyte-enriched bu¡y coats (Transfusion Center) by Ficoll-Paque 1.077
(Biochrom) and incubated (45 min, 371C, 5% CO2) in six-well plates
(Greiner, Frickenhausen, Germany) using RPMI 1640 medium (Life
Technologies) supplemented with 3% autologous plasma. Nonadherent
cells were removed by washing gently with PBS. The remaining cells
were cultured in RPMI with 5% autologous serum, 1000 U per mL
interleukin-4 (IL-4; Strathmann Biotech, Hannover, Germany), and 800
U per mL granulocte-macrophage colony stimulating factor (Leucomax,
Sandoz, Basel, Switzerland). Cells were fed every other day with RPMI,
5% autologous serum, IL-4 (1000 U per mL), and granulocyte-
macrophage colony stimulating factor (800 U per mL). On day 7 these
cells were harvested as immature DC or maturated by culture in medium
supplemented with 10 ng per mL IL-1b (Strathmann Biotech), 10 ng per
mL tumor necrosis factor a (Strathmann Biotech), and 1 mg per mL
prostaglandin E2 (Minprostin, Pharmacia & Upjohn, Heppenheim,
Germany) for two further days. The phenotype of mature DC was
determined by £ow cytometry as greater than 70% CD83þ, greater than
80% CD86þ , and greater than 90% MHCIIþ ; viability routinely
exceeded 90% as determined by propidium iodide staining.
Stimulation with chemicals PBMC (106 per mL) enriched monocytes
(105 per mL) or mature DC (105 per mL) were treated with the strong
haptens 5-chloro-2-methylisothiazolinone plus 2-methylisothiazolinone
(MCI/MI, 1 mg per mL, Hermal, Reinbeck, Germany), thimerosal
(mercury-o-carboxyphenylthioethyl sodium salt; 2 mg per mL, Sigma,
St Louis, MO), formaldehyde (200 mg per mL, Sigma), TNCB (0.8 mg
per mL, ICN, Costa Mesa, CA), methyldibromoglutaronitrile (4 mg
per mL, Hermal), diphenylcyclopropenone (50 mg per mL, Sigma),
p-phenylenediamine (250 mg per mL, Sigma), toluene-2,5-diamine (125
mg per mL, Wella, Darmstadt, Germany), and 2,4-dinitro£uorobenzene
(DNFB, 4 mg per mL, Sigma) for 15 min at 371C or 41C in Iscove’s
modi¢ed Dulbecco’s medium, if indicated. Stimulation was performed in
the presence or absence of glutathione (10 mM), NAC (10 mM), ascorbic
acid (40 mM), a-tocopherol (100 mM), and PDTC (100 mM). In some
experiments cysteine (10 mM) was used instead of NAC. The
concentrations used have been described in the literature to be very
e¡ective in blocking susceptible oxidative stress mechanisms. Any toxic
e¡ects were excluded by dose^response experiments and £ow cytometric
determination of viability.
All compounds were used at optimal, strictly subtoxic concentrations,
which were determined by dose^response experiments. Water-insoluble
compounds (TNCB, DNFB, methyldibromoglutaronitrile, and diphenyl-
cyclopropenone) were solved in dimethylsulfoxide and added to the cell
suspensions. The same amount of dimethylsulfoxide was added to the
non-stimulated medium control. The amount of dimethylsulfoxide never
exceeded 1% and was without any in£uence on the mechanisms analyzed.
Flow cytometric analysis To perform intracellular £uorescence-
activated cell sorter (FACS) analysis of tyrosine-phosphorylated proteins
in CD14þ monocytes, PBMC were permeabilized immediately after
stimulation with PBS/2% FBS/0.25% saponine (Roth, Karlsruhe,
Germany) and stained by phycoerythrin-conjugated anti-CD14 (CD14-
PE; 10 mg per mL; Immunotech, Marseille, France) in combination with
£uorescein isothiocyanate conjugated antiphosphotyrosine (PY20-FITC;
10 mg per mL, Leinco Technologies, St Louis, MO) dissolved in PBS/1%
FBS/0.25% saponine for 20 min at 41C. Finally, samples were washed twice
in cold washing bu¡er (PBS/2% FBS/0.25% saponine). Trinitrophenyl
(TNP) residues in enriched monocytes or mature DC were quanti¢ed
using a speci¢c monoclonal antibody (hamster anti-TNP 5 mg per mL,
BD PharMingen, San Diego, CA) and an FITC-labeled secondary
antibody (goat antihamster IgG-FITC, 4 mg per mL, Santa Cruz
Biotechnology, Santa Cruz, CA) instead of the phosphotyrosine-speci¢c
reagent.
Fluorescence intensities in channel 1 (phosphotyrosine) were recorded
for cells gated in channel 2 (CD14þ) using a FACScalibur £ow cytometer
(Becton Dickinson, Heidelberg, Germany) equipped with the CellQuest
software. For analysis of enriched monocytes and mature DC, the
£uorescence intensity for binding of TNP-speci¢c antibody was recorded
for the whole population. Standard calibration procedures were used
following the recommendation of Becton Dickinson. The level of
signi¢cance for a di¡erence between medium-treated and stimulated cells
was calculated using a paired Student t test.
Preparation of cell extracts, sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE), and western blotting Each 1106
immature or mature DC or 8106 enriched monocytes were stimulated
as indicated in culture medium or PBS. Cells were resuspended in 50 mL
ice-cold lysis bu¡er (50 mM HEPES, pH 7.4, 150 mM NaCl, 1.5 mM
MgCl2, 1 mM ethylenediamine tetraacetic acid, 10% glycerol, 1% Triton
X-100, 1 mM phenylmethylsulfonyl £uoride, 10 mg per mL aprotinin, and
1 mM sodium orthovanadate) and incubated on ice for 30 min. Insoluble
material was spun down (10 min, 15,000 g, 41C) and clear supernatants were
stored at ^701C. Protein content of the lysates was determined by BCA
protein assay (Pierce, Rockford, IL). Cell lysates were mixed with loading
bu¡er (Roti Load, Roth), heated for 5 min at 961C, and resolved on 8%
SDS polyacrylamide gels (100 mg per lane) using standard procedures.
Proteins were transferred to polyvinylidene £uoride membranes
(Millipore, Bedford, MA) by semidry blotting (Bio-Rad, Hercules, CA)
in blotting bu¡er (Roti-Blot A, Roti-Blot K, Roth). For analysis of DC,
membranes were blocked for 1 h in blocking bu¡er (1PBS, 0.1% Tween-
20, 5% nonfat dry milk powder) and incubated with the following
primary antibodies as indicated: hamster anti-TNP (0.25 mg per mL, BD
PharMingen), mouse antiphosphotyrosine (clone 4G10; 0.5 mg per mL,
Upstate Biotechnology, Lake Placid, NY), rabbit anti-p-ERK1/2 or rabbit
anti-p-p38 (dilution 1:1000, New England Biolabs, Beverly, MA). After
washing, the following horseradish peroxidase (HRP) conjugated
secondary antibodies were used: goat antihamster-HRP (0.1 mg per mL,
Santa Cruz Biotechnology), antimouse-HRP (0.2 mg per mL, Dianova),
antirabbit-HRP (dilution 1:2000, New England Biolabs). All antibodies
were diluted in blocking bu¡er. The src-kinase Lyn or MAP kinase p38
was detected as control for equal protein loading (anti-Lyn, Santa Cruz
Biotechnology, dilution 1:1000; anti-p38, polyclonal rabbit antisera, Santa
Cruz Biotechnology, 2 mg per mL). For analysis of monocytes, hamster
anti-TNP and the corresponding secondary antibodies were used. Blots
were developed using chemiluminescence (ECL Plus, Amersham,
Buckinghamshire, UK). For sequential detection of di¡erent antigens
membranes were stripped (40 min at 501C in 62.5 mM TrisHCl, 2%
SDS, 100 mM b-mercaptoethanol, pH 6.7) and reprobed.
RESULTS
Only thiol antioxidants prevent the increased tyrosine
phosphorylation after stimulation with strong contact
sensitizers The vigorous increase in tyrosine phosphorylation
following stimulation with the strong contact sensitizer MCI/
MI was not in£uenced by the presence of radical scavengers
(ascorbic acid, a-tocopherol) nor the NF-kB-inhibitor PDTC
(Fig 1). In contrast, thiol antioxidants like NAC and glutathione
completely blocked any augmentation in tyrosine phospho-
rylation (Fig 1). If the antioxidants were removed by rigorous
washing followed by a second stimulation with MCI/MI the
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inhibition was reversible (data not shown). Dose^response
experiments revealed an almost complete prevention of tyrosine
phosphorylation with concentrations higher than 50 mM for
NAC and 10 mM for glutathione (data not shown). In order to
exclude a mechanism depending on special chemical features of
MCI/MI the capacity of NAC to block tyrosine phosphorylation
induced by formaldehyde and thimerosal was explored. As
shown in Fig 2, NAC was able to prevent any increase in
tyrosine-phosphorylated proteins as a result of stimulation with
these structurally nonrelated compounds. In addition, activation
of monocytes by other contact sensitizers like methyldibro-
moglutaronitrile, diphenylcyclopropenone, p-phenylenediamine,
toluene-2,5-diamine, and DNFB was blocked by NAC, too
(Table I).
NAC blocks a very initial process during activation If
monocytes were treated with MCI/MI on ice, washed, and kept
on ice until analysis only a minimal increase in tyrosine
phosphorylation was detected in comparison with cells
stimulated at 371C (Fig 3). Cells stimulated in the cold and
shifted to 371C for 15 min after washing develop a reduced but
signi¢cant increase in phosphorylation. This demonstrates the
capacity of MCI/MI to bind to its target structures at low
temperatures and the temperature dependence of tyrosine
phosphorylation as an enzymatic reaction. If these cells were
subjected to NAC prior to this temperature shift no e¡ect was
observed, in contrast to cells stimulated in the cold in the
presence of NAC (Fig 3). Therefore NAC has to be present
during stimulation and interferes with the process of activation
at a very early time point.
The same inhibitory e¡ect was obtained with cysteine (Fig 4),
showing that this inhibition was not linked to the structure of
NAC or glutathione, but depended on the presence of free
sulfhydryl groups.
Cysteine and NAC block the binding of TNP groups to cell
proteins and intracellular signaling events As direct proof
for the capacity of free sulfhydryl groups to prevent the binding
of a strong contact sensitizer we analyzed the degree of binding
of TNCB to monocytes and mature DC in the presence of
cysteine or NAC. By use of a speci¢c monoclonal antibody,
£ow cytometric analysis revealed a signi¢cant binding of TNP
residues after stimulation with TNCB (Figs 5A, 6A). Western
blot analysis demonstrated a distinct pattern of TNP-labeled
proteins (Figs 5B, 6B) in cells previously stimulated with
TNCB. Stimulation with TNCB in the presence of cysteine or
NAC almost completely abolished its binding to monocytes or
mature DC as assessed by £ow cytometry (Figs 5A, 6A) and
resulted in a complete prevention of TNP binding to proteins as
demonstrated by western blot analysis (Figs 5B, 6B).
To explore whether the prevention of TNCB binding to cell
proteins really abolished known intracellular signaling events
induced by this hapten, sequential analysis for tyrosine-
phosphorylated proteins and phosphorylated p38 and ERK1/2
MAP kinases was performed in mature DC. Beside an increase
in tyrosine phosphorylation, stimulation with TNCB induced a
phosphorylation of both MAP kinases as seen for immature
Figure1. Thiol antioxidants but not radical scavengers or PDTC
block the increase in tyrosine phosphorylation after stimulation
with MCI/MI. Flow cytometric quanti¢cation of phosphotyrosine in hu-
man monocytes stimulated with MCI/MI in the presence of glutathione
(GSH, 10 mM), NAC (10 mM), ascorbic acid (AA, 40 mM), a-tocopherol
(TP, 100 mM), and PDTC (100 mM). The relative £uorescence intensities
were calculated as percent of the medium control without any treatment.
Mean7SEM of ¢ve experiments are shown. Signi¢cance: po0.01 for the
di¡erence between MCI/MI-stimulated cells and the medium control ()
and the di¡erence between cells stimulated in the presence or absence of
thiol antioxidants (#); the di¡erence between cells stimulated in the pre-
sence or absence of radical scavengers and PDTC was not signi¢cant (n.s.).
Figure 2. NAC blocks tyrosine phosphorylation induced by formal-
dehyde and thimerosal. Phosphotyrosine in human monocytes stimu-
lated with formaldehyde (200 mg per mL) or thimerosal (2 mg per mL) in
the presence or absence of NAC was quanti¢ed by £ow cytometry. The
relative £uorescence intensities were calculated as percent of the medium
control without any treatment. Mean7SEM of four experiments are
shown. Signi¢cance: po0.01 for the di¡erence between hapten-stimulated
cells and the medium control () and the di¡erence between cells stimu-
lated in the presence or absence of NAC (#).
Table I. Inhibition of tyrosine phosphorylation induced by
several contact sensitizers in the presence of NAC
Compound Without NAC Plus NAC n
Unstimulated 3.4 (70.3) 3.2 (70.2) 9
DNFB 25.7 (76.2) 3.8 (70.6) 4
Methyldibromoglutaronitrile 30.2 (75.9) 3.2 (70.4) 3
Diphenylcyclopropenone 50.1 (710.2) 3.1 (70.5) 4
p-Phenylenediamine 27.7 (73.2) 4.1 (70.5) 3
Toluene-2,5-diamine 63.7 (79.1) 3.5 (70.2) 3
The absolute £uorescence intensities are shown together with the SEM.
Concentrations used are indicated in Materials and Methods. The level of signi¢cance
for the di¡erence between stimulated cells in the presence or absence of NAC was
less than 0.02.
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DC, which are regarded as equivalent to resident epidermal DC
(Fig 6C). In the presence of NAC TNCB was not able to induce
any of the signaling events studied (Fig 6B).
These ¢ndings strongly suggest that thiol antioxidant inhibits
the hapten-mediated activation of APC by blocking the binding
of thiol-reactive haptens to cell proteins responsible for the
initiation of intracellular signaling events.
DISCUSSION
In a ¢rst set of experiments analysis for the capacity of antioxi-
dants to block tyrosine phosphorylation by haptens was per-
formed using CD14þ monocytes as a subpopulation of crude
human PBMC. These cells were chosen to ensure a high reactiv-
ity in the tyrosine phosphorylation assay and to avoid any induc-
tion of cellular stress resulting from subculture or enrichment
procedures. Observing that stress response mechanisms seem to
play no pivotal role for the activation by haptens, enriched
monocytes and monocyte-derived DCwere used for further bio-
chemical analysis. The capacity of contact sensitizers to induce
tyrosine phosphorylation in myeloid MHC class II positive cells
irrespective of the stage of maturation has been described before
(Kˇhn et al, 1998; Neisius et al, 1999; Brand et al, 2002). According
to these data, no signi¢cant di¡erences between immature and
mature DC were noticed in numerous control experiments. For
example, the phosphorylation of MAP kinases p38 and ERK1/2
in immature DC upon stimulation with TNCB was found to be
comparable to the reactivity of mature DC. Therefore, we used
mature DC because these cells are superior to immature DC with
regard to cell number and purity of the populations harvested
and allowed comprehensive biochemical analysis on a preparation
of strongly enriched and highly relevant APC.
Thiol antioxidants like NAC have been described as potent in-
hibitors of transcription factor NF-kB (Pahan et al, 1998), activa-
tors of JNK (Gomez del Arco et al, 1996), and inductors of
transcription factor AP-1 (Meyer et al, 1993). Senaldi et al (1994)
suggested that an NF-kB-dependent mechanism is relevant for
the inhibition of contact hypersensitivity in TNCB-sensitized
Figure 3. The capacity of NAC to block tyrosine phosphorylation
depends on its presence during stimulation. Monocytes were incu-
bated at 41C or 371C for each 15 min as indicated. MCI/MI and NAC were
added if indicated. After incubation with MCI/MI at 41C cells were
washed twice before further processing. Phosphotyrosine was quanti¢ed
by £ow cytometry and the relative £uorescence intensities were calculated
as percent of the medium control without any treatment or incubation
(dotted line). The level of signi¢cance for the di¡erence between stimulated
cells and the medium control was less than 0.01 ( ), less than 0.05 (#), or
more than 0.05 (n.s.). Mean7SEM of ¢ve independent experiments are
shown.
Figure 4. Cysteine blocks tyrosine phosphorylation induced by
MCI/MI and TNCB in monocytes. Histograms of monocytes incu-
bated with MCI/MI or TNCB and with or without cysteine. The median
for the absolute £uorescence intensity in permeabilized cells is indicated.
Data are representative for four experiments.
Figure 5. Reduced binding of TNCB to cells in the presence of
cysteine. (A) Histograms of enriched monocytes incubated with or with-
out TNCB in the presence or absence of cysteine. TNP residues were
stained by use of a monoclonal antibody. The median for the absolute
£uorescence intensity in permeabilized cells is indicated. A typical experi-
ment is shown. (B) Enriched monocytes were stimulated with TNCB in
the presence or absence of cysteine. Cell lysates were subjected to SDS-
PAGE and western blot analysis using speci¢c reagents for TNP residues
was performed. The blot is representative for two experiments.
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mice by NAC. An important role of NF-kB during maturation
of monocyte-derived DC and the capacity of NAC to block this
process was described byVerhasselt et al (1999). Our data demon-
strate that thiol antioxidants are able to suppress tyrosine phos-
phorylation as a strong and reliable sign for activation of APC
by contact sensitizers (Kˇhn et al, 1998; Neisius et al, 1999). More-
over, as demonstrated for TNCB, activation of p38 and ERK1/2
mitogen-activated protein kinases in monocyte-derived DC was
prevented, too.
The kinetic of this inhibitory e¡ect suggested that thiol anti-
oxidants have to be present during stimulation with the sensitizer.
Therefore a very initial event or even the binding of the hapten to
its target structures seems to be blocked. Indeed, we were able to
show that NAC and even cysteine was able to abolish any bind-
ing of TNCB to cell proteins. This was visualized by use of a
monoclonal antibody described for this use in a communication
by Martin et al.2 Recently, a similar technique has been described
for the detection of DNP residues on human skin-derived
CD1aþ DC (Hunger et al, 2001).
From our data we conclude that the mechanism of inhibition
has to be explained by a competitive reaction between thiol
groups and thiol-reactive haptens. This minimizes the amount of
hapten binding to cell proteins and prevents intracelluIar signal-
ing events induced by these covalent chemical reactions. Indeed,
in other experiments we were able to show that the reactivity
upon free thiol groups rather than amino groups is an important
feature of strong contact sensitizers (Becker et al, 2003).
These ¢ndings o¡er a di¡erent explanation for the inhibitory
e¡ect of NAC on allergic contact dermatitis in TNCB-sensitized
mice (Senaldi et al, 1994). Although the capacity of NAC to inhi-
bit NF-kB as well as the production of tumor necrosis factor a
might be very important for other stimulators, our data suggest
that thiol antioxidants act by protecting thiol groups in structures
responsible for the initiation of signaling events. Any further down-
stream signals will be prevented irrespective of the capacity of thiol
antioxidants to inhibit these downstream mechanisms, too.
PDTC has been described as an inhibitor for NF-kB (Pahan
et al, 1998), activator of JNK (Gomez del Arco et al, 1996), and
inhibitor for the activation of endothelial cells by nickel and
cobalt (Goebeler et al, 1995).
The radical scavengers ascorbic acid and a-tocopherol are able
to prevent the ultraviolet-B-induced immunosuppression in ro-
dent and human including the reduction of contact hypersensi-
tivity under this condition (Nakamura et al, 1997; Cetinkale et al,
1999; Fuchs and Packer, 1999; Steenvoorden and Beijersbergen-
van-Henegouwen, 1999; Quevedo et al, 2000).
Radical scavengers are also able to protect cells from toxic ef-
fects induced by chromium (Little et al, 1996; Bradberry and Vale,
1999).Whereas some limited protective e¡ect of ascorbic acid on
contact hypersensitivity to nickel has been described (Memon
et al, 1994), others were not able to con¢rm a decisive role of free
radicals in contact allergy to nickel and cobalt (Van-Den-Broeke
et al, 1998).
The failure of PDTC, ascorbic acid, and a-tocopherol to mod-
ulate tyrosine phosphorylation in monocytes stimulated with a
strong contact sensitizer shows that neither activation of NF-kB nor
free radicals are relevant for this process.We cannot exclude that
other parts of intracellular signaling pathways may be in£uenced
Figure 6. NAC blocks the binding of
TNCB to cell proteins and prevents in-
creased tyrosine phosphorylation as well
as phosphorylation of ERK1/2 and p38.
(A) Histograms of mature DC incubated
with or without TNCB in the presence or
absence of NAC. TNP residues were stained
by use of a monoclonal antibody. The med-
ian for the absolute £uorescence intensity in
permeabilized cells is indicated. A typical
experiment is shown. (B) Mature DC were
stimulated with TNCB in the presence or
absence of NAC. Cell lysates were subjected
to SDS-PAGE and sequential western blot
analysis using speci¢c reagents for TNP resi-
dues, phosphotyrosine, and the phosphory-
lated forms of ERK1/2 and p38-mitogen-
activated protein kinases. The constitutively
expressed kinase Lyn is shown as control
for protein loading and demonstrates equal
protein amounts in lanes stimulated with
TNCB in the presence or absence of NAC.
The blot is representative for three indepen-
dent experiments. (C) Immature DC were
stimulated with TNCB and subjected to se-
quential western blot analysis using speci¢c
reagents for the phosphorylated forms of
ERK1/2 and p38-mitogen-activated protein
kinases. The constitutive expression of p38 is
shown as control for protein loading. The
blot is representative for three independent
experiments.
2Martin S, Dudda J, DelattreV, Simon JC: Dominance of CD8þ e¡ector
T cells in contact hypersensitivity due to bystanders cytolysis of CD4þ T
cells. Arch Derm Res, 293:47, 2001 (abstr.)
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by these antioxidants. For example we did not study the e¡ect of
PDTC or radical scavengers on the activation of MAP kinases
because it was not our intention to address the capacity of antiox-
idants to block intracellular signaling during activation by hap-
tens in general.
The conclusion that thiol antioxidants seem to react with
several strong contact sensitizers under cell culture conditions
and that this competitive reaction protects cells from activation
supports our ¢ndings on the decisive role of thiol groups for the
activation of APC by contact sensitizers (Becker et al, 2003).
Such direct interactions between haptens and thiol groups have
been shown before for mercury compounds (Santucci et al, 1998;
1999) and MCI/MI (Gruvberger and Bruze, 1998).
We believe that our data point to important implications of
thiol antioxidants for primary and secondary prevention of aller-
gic contact dermatitis and encourage further clinical studies in
this ¢eld.
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